Mg substitution in CuCr02 delafossite compounds 
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A detailed investigation of the series CuCri_a;Mga;02 {x — 0.0 — 0.05) has been performed by mak- 
ing high-temperature resistivity and thermopower measurements, and by performing a theoretical 
analysis of the latter. Microstructure characterization has been carried out as well. Upon Mg^+ 
for Cr'^'*' substitution, a concomitant decrease in the electrical resistivity and thermopower values 
is found, up to a; '--^ 0.02 — 0.03, indicating a low solubility limit of Mg in the structure. This result 
is corroborated by scanning electron microscopy observations, showing the presence of MgCr204 
spinels as soon as x = 0.005. The thermopower is discussed in the temperature-independent corre- 
lation functions ratio approximation as based on the Kubo formalism, and the dependence of the 
effective charge carrier density on the nominal Mg substitution rate is addressed. This leads to a 
solubility limit of 1.1% Mg in the delafossite, confirmed by energy dispersive X-ray spectroscopy 
analysis. 



I. INTRODUCTION 



In recent years, there has been a renewed interest in de- 
lafossite compounds of general formula CuM02, mainly 
concerning either fundamental research such as frustrated 
magnetic interactions in triangular lattices or the 
search for new materials such as transparent p-type con- 
ducting oxides^^— and more recently thermoelectric ma- 
terials^"—. In this context, understanding the relation- 
ships between chemical composition and structural and 
thermoelectric properties is very interesting, and it can 
be helpful in order to design and optimize delafossite 
compounds for their integration in potential applications. 
Recently, several groups have reported interesting results 
on the thermoelectric properties of CuCr02 bulk com- 
pounds. A very striking result follows from low Mg^+ 
doping: it strongly impacts the transport properties, 
without inducing changes in the magnetic structure as 
shown by a neutron diffraction study—. However, it must 
be recalled that Mg substitution in CuCr02 not only re- 
sults in the formation of a delafossite CuCri_a;Mg2:02 
phase, but also in the formation of an impurity MgCr204 
spinel phase, and eventually of a ternary CuO phase (for 
large enough substitution rate), as attested by an X-ray 
diffraction (XRD) study—. Therefore, even for low Mg 
substitution rate, the Mg doping level of the delafossite 
differs from the Mg nominal content. In addition, this 
makes it difficult to determine the solubility limit of Mg 
in CuCr02, and these points deserve further study. In 
order to shed light on this problem and to better char- 
acterize the effect of Mg substitution in CuCr02, in this 
paper we first report the high temperature thermoelec- 
tric properties, i. e., the thermopower and the electri- 



cal resistivity. We have measured between room tem- 
perature and 1100 K, namely in a temperature range in 
which thermoelectric oxides have proved useful. Second, 
the thermopower data are analyzed in the framework of 
the temperature-independent correlation functions ratio 
(TICR) approximation^^, using an effective density of 
states^^ , allowing us to address the dependence of the ef- 
fective charge carrier density on the nominal Mg doping. 
Third, this provides us with an estimate of the solubility 
limit of Mg in CuCr02. Finally, we further confirm this 
estimate by energy dispersive X-ray spectroscopy (EDS) 
analysis. 



II. SAMPLE PREPARATION AND 
CHARACTERIZATION 



All samples, belonging to the CuCri_a;Mga;02 series, 
were prepared using a standard solid-state reaction route. 
The starting powders, CU2O (Aldrich, 99%), CrzOs (Alfa 
Aesar, 99%), and MgO (Cerac, 99.95%), were weighed 
in stoichiometric amounts and ground together by ball 
milling. The resulting powders were pressed uniaxially 
under 300 MPa, using polyvinyl alcohol binder to form 
parallelepipedic 3 x 3 x 12 mm'^ samples. These were 
then sintered at 1200°C for 24h in air on platinum foil 
to avoid any contamination from the alumina crucible. 
The scanning electron microscopy (SEM) observations 
were made using a FEG Zeiss Supra 55. The cationic 
compositions were determined by energy dispersive X-ray 
spectroscopy (EDX) EDAX. The electrical conductivity 
and thermopower were measured simultaneously using an 
ULVAC-ZEM3 device between 50 and 800°C under he- 
lium. 
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Figure 1: Temperature dependence of the thermopower 
in the series CuCri_a;Mg2:02. 

III. RESULTS AND DISCUSSION 

As the thermopower {S) of CuCri_a;Mga;02 strongly 
increases with temperature below but in the vicinity of 
room temperature for x > 1%^*^, and hence shows a 
promising potential for high-temperature applications, 
we extended the transport measurements up to 1100 K. 
Also, as we show below, such thermopower measurements 
are useful for determining the solubility limit of Mg in the 
delafossitc CuCri_a;Mg:r02. As seen in Fig. [1] positive 
S values for all x are found with a magnitude that de- 
creases as X increases up to a; = 0.03, where it saturates. 
This indicates an increase in the hole concentration in the 
nominal CuCri_2,Mga;02 series before saturation. Ono et 
al.— interpreted this variation in terms of hole doping at 
the Cr sites by the partial substitution of Mg^+ for Cr^+. 
However, as the insulating spinel phase appears to form 
at cc = 0.01 based on XRD measurements^, the decrease 
in Seebeck coefficient and electrical resistivity cannot be 
simply attributed to the substitution of Cr^+ by Mg^+ in 
the delafossite phase, but at most to a partial substitu- 
tion, which we address below. 

Figure [H shows the temperature dependence of the 
electrical resistivity, p of CuCri_a;Mga;02 samples (0 < 
X < 0.05). As previously reported— li^i^S, the p{T) curves 
of the CuCri_a;Mga;02 series exhibit a typical semi- 
conducting behavior over the whole temperature range. 
With increasing doping level up to a; — 0.03, p de- 
creases monotonically, whereas, above x = 0.03, the p{T) 
curves are clearly a;- independent. The change of the ther- 
mopower with temperature and doping level follows the 
same behavior, with a minimum reached for x > 0.03. 
The S(T) curve of CuCr02 {x = 0) has a negative dS/dT 
value; however, with Mg doping, a change in the temper- 
ature dependence is observable with dS/dT > for the 
higher Mg contents. Such temperature and doping de- 
pendences of p and S are in very good agreement with the 
previous study by Ono et al.— . The Seebeck coefficient 
results from the charge carrier concentration (Cr^^ per 
available chromium ion site) may be analyzed by means 
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Figure 2: Temperature dependence of the electrical re- 
sistivity in the series CuCri_2;Mga:02. 

of a generalized Heikes formula^-. However, we obtained 
that the Heikes formula including a spin and orbital de- 
generacy term yields dissatisfying results. In fact, when 
compared with measured Seebeck values, they are sys- 
tematically larger. Ono et al. mentioned in their study a 
good agreement between the Heikes model and their vari- 
ation of the Seebeck coefficient versus the nominal Mg 
fraction at HOOK. However, they considered the spin 
entropy terms 53 = 4 and g4 — 9, which yield 70pV/K, 
although experimentally S saturates at about 310/iV/K 
for X > 0.03 (see Fig. [T]). As the spinel phase is formed 
in their compounds with x > 0.03, and taking into ac- 
count from the present study that x cannot exceed 0.015, 
the values of Seebeck coefficient reported in their paper 
for X = 0.03, 0.04 and 0.05 are obviously not correct, or 
should be attributed to smaller x fractions. This there- 
fore calls for a more sophisticated explanation. 

IV. THEORY 

In order to shed more light on the above results, we 
now analyze the thermopower data in the temperature- 
independent correlation function ratio (TICR) approxi- 
mation^-. In this framework, the thermopower is repre- 
sented as 

S{T) = ^{Eo~f^{T)), (1) 

with qe the (negative) electron charge, and Eq the ra- 
tio of the two correlation functions entering the expres- 
sion of the thermopower in Kubo formalism— i^^. Origi- 
nally devoted to electron-doped manganitesSLS^, this ap- 
proach has recently been extended to hole-doped delafos- 
sites3S.i,Sij in which case it gave an excellent account of 
the thermopower of CuRh02. In the course of the anal- 
ysis an apparent Fermi liquid (AFL) behavior has been 
identified, which is characterized by a thermopower which 
behaves as 

S{T)^So + ^^T. (2) 
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Table I: Parameters of the effective density of states as 
determined by a fit of Eq. ([5]) to the experimental values 
of CuCri_a;Mga;02 given for the values of the nominal 
doping X as well as for those obtained from EDS mea- 
surement (x, Po, p') (see Fig. [S] below). 

The temperature range where the AFL is observed, the 
coefficients 5*0 and vj are doping dependent. In contrast, 
in a Fermi liquid, 5*0 vanishes. The precise value of these 
coefficients can be obtained from an effective density of 
states (DOS). This may take the form 



p(e) = (po + ep')0(-e) 



(3) 



which accounts for the discontinuous behavior of the DOS 
at the upper band edge evidenced in first-principles cal- 
culations^""—. Since the materials we consider are hole 
doped, the slope p' is negative. 

From this DOS, the doping x can be calculated for a 
given chemical potential p as 



de(l-/(e-p))p(e) 



(4) 



where f{x) represents the Fermi function. Therefore, 
combining the chemical potential extracted by the TICR 
framework Eq. ^ and a common effective DOS for all 
samples of an experimental series, the exact doping can 
be determined. This means that this approach can be 
viewed as an alternative way to identify the effective 
charge carrier density, which is complementary to the 
EDS measurements discussed below. 

In order to extract the DOS from the temperature de- 
pendence of the chemical potential of one sample, Eq. (|3|) 
has to be inverted. In the Boltzmann approximation, the 
chemical potential ps is given by 

'/cbT(po - p'kBT)' 



(5) 



This formula has proven to show a stable quadratic ex- 
pansion at high temperatures^^, describing an AFL be- 
havior. However, since the TICR constant Eq usually 
differs from the Fermi energy it produces an additional 
hyperbolic offset which is negligible only at very high 
temperatures. For lower temperatures, it can still be 
taken into account by considering the difference of the 
chemical potential with respect to the relative tempera- 
ture T — Ti . This means that the quantity 

TS{T)-nSin) p(T)-p(ri) 



T-Ti T-Ti 

- -. — j Jo + -j — ;-L 

\<le\ \qe\ 



> 



500 



450 



400 



350 




(6) 



600 



Figure 3: Comparison of the thermopower given by 
experimental data (points) for nominal doping values 
X = 0.5% (sohd), 1% (dashed), and 2% (dotted), to that 
obtained from the parameters of the density of states 
for values of the doping oi x = 0.0035 (solid), 0.0085 
(dashed), and 0.011 (dotted). 

is independent of the hyperbolic offset, and therefore 
shows a linear behavior. 

Carrying out the analysis for CuCri_2;Mga;02 (Tab.|T| 
results in TICR parameters £'o close to those reported for 
doped manganites^^ and in slopes p' dominating the ef- 
fective DOS, which is in agreement with a previous first- 
principles study^^9. However, having the effective DOS 
dominated by the slope challenges the determination of 
the small discontinuity po. Furthermore, the results ex- 
hibit a strong increase of both parameters for the three 
highest doped samples. Since this effect might follow 
from the formation of the secondary spinel or CuO phase 
as previously discussed, these samples are omitted in the 
following discussion. 

The variations in the remaining parameters suggest 
that the effective charge carrier density differs from that 
for the nominal doping. Indeed, the parameters obtained 
were found to be in better agreement. However, devia- 
tions still occur for the lowest doped samples. In order 
to determine the effective charge carrier density from a 
common DOS, the parameters of the sample with nomi- 
nal doping X = 2% 

Po = 0.121 (eV)"i p' = -24.2 (eV)"^ (7) 

lead to doping values of 

X = 0.35%, 0.85%, 1.1% (8) 

for X = 0.5%, 1%, and 2%, respectively. Using these 
values and performing the exact numerical solution of 
Eq. ((H in order to calculate the thermopower leads to 
good agreement between theory and experiment as can 
be seen in Fig. [31 This suggests that the solubility limit 
of Mg in the delafossite CuCri_a;Mg3;02 is close to 1.1%. 

V. MICROSCOPY 
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Figure 4: SEM micrographs of CuCri_a;Mga;02 {x — 0, 
0.005, 0.01, 0.02, 0.03, 0.04, 0.05) samples. Platclike 
grains are typical of the layered delafossite structure. 
Small grains of octahedral shape correspond to the spinel 
phase MgCr204 (indicated with arrows). CuO and spinel 
phases are shown respectively as white and dark contrasts 
in figure h [x = 0.04). 



In order to further clarify the effect of the Mg substi- 
tution, all the samples in the CuCri_a;Mg2,02 series were 
observed by SEM, and statistical EDS analyses on a mini- 
mum of 20 grains of the different compounds were carried 
out to determine the cationic compositions of each grain. 
Fig.|3]shows the micrographs of the CuCri_2;Mg2;02 com- 
pounds at different Mg substitution levels. As x in- 
creases up to 0.04, the size of the plate-like grains, char- 
acteristic of the layered delafossite structure, systemat- 
ically increases. The average diameter for the CuCr02 
phase increases from ~ 5 /im up to 100 /im in the 
highly Mg-doped compounds, indicating a change in the 
cationic or anionic diffusion. The spinel phase, identified 
as smaller grains of octahedral shape, appears in the Mg- 
substituted samples and the amount increases with x (for 
0.005 < a; < 0.05). The presence of CuO phase observed 
in the diffraction patterns for x > 0.04^ is evidenced by 
the small white contrast grains in the CuCr1.g6Mgo.04O2 
compound (Fig.[3h). 

The black octahedral grains correspond to the spinel 
phase. EDS analyses confirmed that the spinel phase 
contains Mg and Cr, but also Cu in a smaller amount. 
Normalizing the Mg content to unity, the atomic ratios of 
Mg, Cr and Cu are 1, 1.82, and 0.31, respectively. More- 
over, EDS analyses performed on each individual plate- 
like grain confirmed the presence of Mg in the delafossite 
structure as soon as a:: = 0.005. However, due to the de- 
tection limit and the resolution of the apparatus, the Mg 



cationic content could not be determined quantitatively. 
Based on a qualitative approach, the analyses performed 
on delafossite grains reveal that the energy peak intensity 
of the MgKa line increases as the doping level increases 
and reaches the maximum for x = 0.03. This result ev- 
idences the successful substitution of Cr by Mg, which 
is lower than the nominal value, as a Mg-based spinel 
is formed as soon as a: = 0.005. To confirm this qual- 
itative information, the chromium and copper cationic 
compositions have been determined for each composition 
in a panel of 20 grains. Fig. [5] shows the evolution of the 
measured EDS Cr atomic content (right Y-axis) versus 
the nominal Mg substitution rate x. Normalizing the Cu 
content to unity, the Mg cationic content (x) has been 
calculated and is drawn in the same figure (left Y-axis). 
The actual Cr content decreases as the nominal Mg sub- 
stitution rate increases, which suggests substitution of Cr 
by Mg in the delafossite structure. As shown clearly from 
the deviation from the nominal value, the substitution is 
not complete due to the formation of the spinel phase. It 
must be emphasized that the Mg solubility determined 
here is much lower than previously reported— ^i^-, but it 
is in good agreement with the above theoretical analysis. 
This very low amount of substitution also explains the 
limited variation of the unit cell parameters with the sub- 
stitution^". Remarkably, this small amount is sufficient 
to strongly affect the transport properties. However, one 
cannot exclude that this substitution is also accompanied 
by other hardly measurable non-stoechiometry phenom- 
ena such as tiny changes in the Cu/Cr ratio and/or the 
oxygen content. 

VI. CONCLUSION 

In summary, Mg-doped CuCr02 has been investigated 
by SEM, EDS, electrical conductivity, and thermopower 
measurements. Each method showed abnormal behavior 
for samples with nominal doping x — 0.03 and above, 
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which was indicated by a theoretical study based on the 
data of the thermopower, too. For values of the dop- 
ing above this, a CuO phase is observed, therefore lim- 
iting the Mg solubility in the delafossite structure. Fur- 
thermore, the renormalized doping values from EDS as 
well from the theoretical study are found to be much 
lower than the nominal ones. This was represented in the 
SEM observations by the forming of the secondary spinel 
phase, in contrast to previously published work^^. How- 
ever, the obtained values of the doping clearly indicate 
the substitution of Cr by Mg resulting in peculiar hole 
doping of the rather narrow Cr 3d bands. In spite of the 
small change of their charge carrier density, the transport 
properties show a very sensitive dependence. This behav- 
ior, in particular that of the thermopower, was shown to 
be very well described within the TICR framework ap- 
plied to an effective density of states and treated in the 
Boltzmann regime. 
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